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I. Introduction

During the past several years, the area of laser-induced surface

chemistry (LISC) has become an established interdisciplinary pursuit among

researchers in the fields of physical chemistry, material science and

optics. LISC has been reviewed by several articles for various applications

including microelectronics fabrication,1-3 heterogeneous catalysis3 and

spectroscopy.h The fundamentals of LISC for conventional surfaces were

explored in our earlier review papers,s’6 and more recently we have studied
h7.8

resonance fluorescence of two-level atoms on both smoot and rough

surface59 and light scattering from a metal grating.lo .‘ﬁgi
G

eV
The phenomenon of phase-conjugated surfaces (PCS) has been recently i

Y

LA

~ AT
N explored, where both the propagation direction and the overall phase factor :;;:{
. NN
) for an arbitrary beam of light may be precisely reversed via nonlinear {;::(
‘ Ry

optical effects.u’12 Such effects, in general, include three-wave mixing, i‘”"

. e.g., second-harmonic generation, parametric mixing and pockels effects, R
) Ead
(2) e

. originating from the x term of the susceptibility, and four-wave mixing,

e.g., third-harmonic generation, Raman and Brillouin scattering, dc Kerr :;é,

3) e

terms of the

effects and two-photon absorption, originating from the x

susceptibility. N

In the present paper, we shall first review LISC for conventional &E:ii

E surfaces before presenting the new phenomena on PCS. In Section 2, we gsgég
review resonance fluorescence of two-level atoms near smooth and rough Ezigg

surfaces. A radiative dipole near a PCS will be studied in Section 3. 1In ' !;:g%

By

. e
4
,

Section 4, laser-induced processes at PCS will be explored in detail, where

[

(Yl
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o
- a phenomenological treatment and a hydrodynamic theory for laser-induced

’
s o
[
-

'4- Ha ™
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¢

periodic structure and PCS reflectivity are analyzed. Applications of LISC

o
l' (.
ALY

d
\ for PCS and a summary are presented in Section 5.

972,
.l

1)

. Y
v"
i

o

P A A T A A AP g SR PP R N S A A A e T Tt i
AL . .

e

4



L)
3
N

P75 3 4 2 8 &

S

[

"
FRR S Ry W W S 58

S BRL S S,

e

p

* L.

XA

AN

’l‘ f o Ty g 0y

-
¢

y »
N

N N T ey SN PSR A TR NN RO ER S TR ‘\‘.-._\"
B A AR AR R S LS A R S A SRS S5 A RS R

I1. Resonance Fluorescence of a Two-Level Atom Near a Metal Surface

The lifetime of an excited molecule has experimentally been found to
vary dramatically as a function of distance from a surface.13 It decreases
or increases depending on the distance from the surface. A number of
researchers have examined this effect from the viewpoint of reflected field
theory, i.e., the basic calculation is concerned with the interaction
between an excited molecule and its own reflected radiation field.
Reflected-field theory provides generally good agreement with
experiments.7-9’l3-21

When an adatom is driven by a strong resonant, driving coherent field,
it creates for the atom or molecule an environment where the probability of
stimulated emission can exceed that of spontaneous emission. Under this
condition, the dynamic ac Stark splitting of resonance and nutational
oscillation of the emitted light intensity become important parts of the
laser-driving process, such that interesting "resonance fluorescence" and
other nonlinear optical phenomena can occur.zo

We have recently derived a set of surface-dressed optical Bloch

equat:ions,-l-g’w-21

by which we can examine the dynamics and relaxation of
an adatom on the surface. In these equations, we are able to evaluate the
resonance fluorescence spectrum of a two-level atom near a metal surface,
taking the following factors into account:

(i) The reflected electromagnetic field effects due to the presence

of the interface
(ii) Collision dephasing
(1ii) Surface-induced dephasing due to the reflected photons

(iv) Resonance excitation of surface plasmons

(v) Random-phase fluctuations of the laser
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Based on these studies, we have also been extending the flat-surface

resonance fluorescence calculations to the rough surface case, which is

;4

’
“ %

XXB

modeled as a hemispheroidal protusion on a perfectly-conducting surface.9
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We would like to discuss our progress on the surface resonance fluorescence

\l
AR

by ]
5

5

spectrum below.

.',

A. Resonance Fluorescence at a Flat Metal Surface

Recently we have studied the resonance fluorescence spectrum of a two-

L]
[}
[
! level atom near a metal surface by means of a set of surface-dressed optical

t Bloch equations (SBE), which include the effect of surface-reflected ;S:%{.
! photons, i.e., photons emitted by the laser-driven atom and reflected by the Ezqsi\
. surface.”’” Within the rotating-wave approximation, the SBE take the form gﬂf&;
' RN
8,,(t) -YHa iR7(8)/2 0 8,1 0 ':E
g—t- (t) = iat(b) vy -iq (t) /(L) -y, 1, () !.w?
8,,(t) 0 -19¥(v)/2 Y18 8,,(12) 0 NS
)
where ® = |2>¢<2| - |1><1| in the population inversion of the atom, § . is

ij
product of exp(imLt) and the transition operator |i><j|, al(t) is the time-

‘ A

4
8, & %

PN

3

' dependent Rabi frequency, A = wyy oW is the detuning of the laser (mL) :$¢\}£
A .’\

with respect to the two-level atom (w21), and the dephasing rate constant ?2 ﬂ;f_:

.'tp‘:
A

is the sum of the radiative dephasing Y, and the surface-induced dephasing ‘,i{{.

2 LI

Yy = (2/R)Im(£)]uy, | :‘:::Z’\_';:S::

To calculate y_, we must know the reflected field [Eq. (1)} or the .o ‘{:f
complex function £f(d), which can be determined by the Sommerfeld-Hertz !fﬂ

vector procedure.16 For the case of a laser-excited atom emitting near a

metallic half-space, the imaginary part of £(d) has the form

-"-\ .“ .s » .—.
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1 In(f) = —— 2 2 2% NN
1+ 2 2 w 8w .

Wt - =P + p .

: e el !
L3 1 \f\'-
» ,'I“J'
4 x {l—lwz - wz)z + B2— - ezw"][nsinD - l—cosD] Wl
I £ P 2 1 2 L)
w D o

. + Zwéwz[ncosD + 1 sinD]l} , (2) -
RS P DZ
hY o
i where { = 1 and n = (1/D3) + (1/D) for the case of the induced dipole S

oriented parallel to the surface, { = 2 and n £ 1/D3 for the perpendicular

case, €, is the dielectric constant for the gas medium, kl = u»/e_llc is the

'J:
s

wave number, w is the emission frequency, ¢ is the speed of light, and D = ; _.*:.

i 2k1d is the reduced distance which is dimensionless. The Drude model10 has ‘*

been used to determine the dielectric constant of the metal medium, i.e., ‘.;'.:

- il

'; 2 ’

¢ e(w) =1 - =P, (3) ”z

g DX

_:'_ where § is the inverse of the relaxation time and w0y is the plasma :.:E

i frequency. We note that Im(f) has a resonance at wsp = wp(l + el)-llz, :‘:

: which is the surface plasmon frequency of the interface, so that the .-_::

E reflected field given by Eq. (1) involves resonance energy transfer between :\::E

:f: the adatom and the excited surface plasmon. ’-

E In our model, the driving and reflected fields have been treated

'3 semiclassically, and we have assumed the atom-surface distance to be large ';-\

! (Z 30 nm). The relaxation time included in the Drude model for the complex E'

‘ AN
dielectric constant of the metal medium represents the dissipation of ;"
electron gas which, together with surface plasmon resonances, influences the _‘:EE
surface reflectivity and hence the behavior of the reflected field. Here we '3:
could neglect nonradiative transfer of energy from the excited atom to the -'

B  DOMWA MR S
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metal. Effects of the laser bandwidth are included by means of a phase-

diffusion model for the driving field. 1In the weak-field or large-detuning

oo
limit, the power spectrum of scattered light has two peaks: one }t:

oo
corresponding to Rayleigh scattering at the laser frequency w and the other ::f;

PRt

to fluorescence at the atomic transition frequency Woy e For a sufficiently
strong driving laser field, the spectrum exhibits three peaks: a central
one at Wy = W (Rayleigh component), a left one at w_ = 2mL T Wyt §
(three-photon component) and a right one at w, = w,, + 8 (fluorescence
component), where § is the ac Stark shift. Results for the peak heights H_,
Ho and H+ are shown in Fig. 1 for the case of a silver surface.8 The key
feature, which is a unique behavior due to the surface, is that for certain
atom-surface distances H_ is larger than H+, whereas in the pure gas-phase
resonance fluorescence spectrum H_ is always less than H (due to molecular
collisions for positive detuning). Alsc, the population inversion of the
adatom and the resonance fluorescence spectrum, as well as the surface-
induced phase-decay constant of the adatom, show strong oscillatory behavior

as a function of the adatom-surface distance.7’8

S ¢ CHEEA A LS " e WS 5 5o« ¢ 8§ ¢ s

B. Resonance Fluorescence at a Rough Surface

For a rough surface, let us consider a surface protusion modeled by a
9,22,23

c AR

prolate hemispheroid on top of a plane. We note that this model has

»
",

200

.
v

been shown to be identical to a full spheroid in a vacuum,za so that our

20T
D A

XEPO,

calculations can also be used for an ellipsoidal cluster. The two-level

a

adatom, which is located at a distance d from the top of the hemispheroid,
is driven by a laser. The prolated spheroidal coordinates (£,n,¢) are used

to calculate the reflected field. We define

g, = (a+ s (4)
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where a and b are the semi-major and semi-minor axes of the hemispheroid.

P

I3

The reflected field at the position of the adatom (transition dipole) in the

SR
N s
s

near-field approximation can be written 3522

t

e

1V'c o
Er =F X Cnon(gl) +
n

_-_iL—ii , ()
4(£€,)

where Qn denotes the Legendre function of the second kind and u is the

induced dipole moment. The expansion coefficient Cn depends on the laser i\ixg:'
F‘\ ~ {‘. )

amplitude EO and parameters £0 and El' Based on the surface-dressed optical ;Eﬁ%::
Iaay

Bloch equations7’8 appropriate for the excitation and dissipation of a two- [ T
e

level adatom near a hemispheroid, we find the surface-induced phase i:ﬁ}ﬁ}f
4-_‘.)-_:(\"
DA S

relaxation constant Yg to be given by :;i;ei
A
X

v, = 2/DmE) (8) S
where
- L
L (eeEgQl(E)

Frir gy sy 1 )

where € is the complex dielectric constant and I' is a somewhat complicated
function of 50’ El and €.

A sharp resonance enhancement of the adatom-hemispheroid interaction,
through the reflected field at the atomic site, occurs when the specific
shape of the prolate hemispheroid corresponds to a resonant excitation of

plasmons (see Fig. 2). The time oscillation of the level population
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decreases as the shape of the hemispheroid approaches the plasmon resonance.

We also find that the strong-field three-peak fluorescence spectrum is
strongly influenced by the roughness of the surface. The resonance
excitation of the plasmon in the hemispheroid remarkably enhances the
adatom-surface coupling, such that the dephasing processes broaden the
linewidths of the spectrum. In the small detuning case, the spectrum has a
distinctive three-peak nature, where the three-photon side peak has a
measurable height which is almost comparable to the fluorescence side peak.
The plasmon and reflected-field broadening influence equally the three
spectral peaks. In the large detuning case, the height of the three-photon
peak is decreased, and the three-peak spectrum is transformed to the weak-

field two-peak structure.

III. Radiative Dipole in the Presence of a Phase-Conjugated Surface

A. Phase-Conjugated Mirror Cavity

Recently, we have evaluated the lifetime variation of a dipole centered
in a spherical cavity made by a phase conjugated mirror (PCM)26 (see Fig.
3).

Following Kuhn,27 the equation of motion of the dipole u (assumed to be

harmonically-bound charge) can be written as

ﬁ+w2u-§2-ER-boil , (10)
where w is the oscillation frequency in this absence of all damping, m is
the effective mass of the dipole, ER is the reflected field at the dipole
position due to the presence of the PCM cavity, and b0 is the damping
constant (inverse lifetime) in the absence of the mirror. The dipole moment
u and the (complex) reflected field ER oscillate at the same frequency,

i.e.,
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b= g o ilw + swlt -bt/2 (11) e

and

E,R = Eg e-i[u) + Aw]t e"bt/z R (12)
I where Ho and Eg are the amplitudes of the dipole oscillator and reflected ,j,:f
! field, respectively, and Aw and b are the frequency shift and the inverse of jﬂﬂi“
. RN
; the lifetime, respectively, in the presence of the PCM cavity. The i:g?

I frequency shift is found to be quite small and is thus unimportant for the

purpose of discussion in the paper. Recognizing that b2 and the magnitude

«“x 2 2 5%

of (ez/pom)Eg are normally very small compared to wz, we then have

2 L
e 0 RN
b = bo + [W] Im(ER) . (13)

s Ty NEMF

-

To examine the variation of dipole lifetime, we reduce the problem to the

“ WIPR. a2

calculation of the reflected field by the PCM at the dipole position. }}:5J
-. -. \‘ \'
& T
‘ By using the Hertz vector method,28 the field near the dipole is easily u;};:'
< WV ~"u, \
i found to be -

- -iwk ’

j E = ZpOk*3 (nl + inz)[ 1 3 - i 2] cosd e 1W°t (14)
; (k*ro) (k*ro)
D
2 3 1 *
! Ee = pok* (n1 + 1n2)[ 3 - i 2] sing e-iw t s (15)
. (k*r,.) (k*r.)
~ 0 0
.
2 where ro is the linear dimension of the dipole (normally k*ro << 1), and n =
» ny + inz is the complex reflectivity of the PCM mirrors where

wk = o - ig = ck* (16)

c is velocity of light, and the definitions of Er’ E 6 and r are readily

e’
shown in Fig. 3. We note that b << w, and taking an average with respect to

CEES VYV YR
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)
b

NN
‘.




7 'iﬁfL.,

6 for the field at the dipole site, we obtain the imaginary part of the

reflected field as

n2 ) nz
3 2
(kro) (kto)

In(EQ) = 2y . (17)

where k is the propagation constant, k = w/c. The normalized decay constant

is
5=:—=1+A5
0
. 9 In] na/my 1
L (2 2)2 (krg)”  (krp)
M
_ 2 2, . ‘s -1 .
where |n| = n,” *n, is the magnitude of the reflectivity, and b ~ is the

normalized lifetime of the dipole.

Figure 4 displays typical curves for the variation of the lifetime for
a dipole in a PCM cavity, as a function of nzln1 with a fixed reflectivity
In} = 1%, 2% and 3%. It is noted that due to the focusing nature of the
reflected radiation wave by the PCM, the coupling between the dipole and
reflected field can be very strong. In the case of the phase-shifted
reflection, i.e., nz # 0, there are three cases worthy of note:

(a) There is a critical value of nzlnl, defined as (nzlnl)c, when n2/n1
+ (nzlnl)c and b = 0, i.e., in this case the lifetime b.1 of the dipole in

the PCM cavity can be infinite.

(b) In the region n2/n1 >0, B>1, the dipole in the PCM cavity can
decay faster than that in free space.

(¢) For the region of n2/n1 < (nzlnl)c, the dipole decay constant b
can be negative, i.e., the amplitude of the dipole oscillator can be

amplified, due to the pumping process in the PCM.
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f IV. Laser-Induced Periodic Structure (LIPS) on Phase-Conjugated Surfaces :ilﬁ:
NN
N
Laser-induced periodic structure (LIPS) on conventional surfaces has a
been studied over the past several years,29 where only one laser was needed
‘
for LIPS, which has been explained by the possible mechanisms: (i)
)
s formation of a surface polariton with periodic electric field acting on the R
>, 19,30,31 NEAZ
N surface atoms; (ii) laser-induced longitudinal acoustic phonon of N
~ o
N the substrate which forms a standing wave;32 and (iii) small e
N DI
inhomogeneities or roughness of the surface layer which interact with the
. incident laser and forms a dipole layer.33 In mechanism (iii) the
. interference between the dipole field and the refracted field in the
X substrate in turn leads to inhomogeneous energy absorption and thus the
f redistribution of the surface atoms.
-,
- In contrast to the above described LIPS on a conventional surface,
e where only one laser beam is needed, two laser beams are usually required -
7> A
,: for LIPS on PCS. The novel method of LIPS on PCS using the spatially xﬁi:
[} XYy
AL
(e nonuniform reflectivity variation, both in amplitude and phase, of laser- :ﬁa:t
"I
SN
: influenced interface systems include: (i) electron concentration changes E,.<
A A
NN
- (for metal and semiconductor surfaces); (ii) surface deformation due to ::ﬂ:i
o N
) laser-induced pressure (or density) variation of the surface layer; and ;::xj
‘ -
] ’\.’ \J‘
(iii) the nonuniform thermal expansion of the absorbing layer. Surface ——. ~
~ heating and deformation by a single pulsed laser have been reported for both
Y
N
N meta134 and semiconductor surfaces.35 Laser-induced profiles of absorbing
N
dye in solution have also been proposed, where two interfering laser beams
} (at the same frequencies) were used for LIPS caused by the concentration ~i:;:
. 36 RN
modulation of the dye. -{i{?*
--. -' » \
NPT
In this section, we snall present a unified treatment for LIPS on PCS R .
. . ’\ '.
. ". "n ".
", based upon a hydrodynamic theory. The mechanisms of LIPS and the formation e
. o
P DA
P
-
R

-

)
]
>




of PCS will be explored mathematically. Special cases with analytic results

and the appropriate conditions for the validity of previously published

results will be discussed. 'ia :
e

A. Phase-Conjugated Surface i;::g
e

Phase conjugation has been conventionally recognized using stimulated 5;‘:%
scattering (Raman, Brillouin and Rayleigh) and parametric processes (four- ij?fﬁ
wave mixing and two-wave mixing).11 The novel method of phase conjugation i;:?ﬁ
using the nonuniform ref{ectivity of the absorbing layer is shown in Fig. 5, jfjiﬁ

where the initially uniform reflecting surface may form a periodic structure

caused by the interference of two incident beams. This process requires the :1:
\'_\'__'.
nonlinear optical effects of the surface layer, e.g., nonlinear polarization }j;ﬁ:
)] R

PNL « ﬁ-ﬁ-i, where E is the total wave vector given by the sum of the ;iti}
NN
reference (strong) wave ﬁl and the signal (weak) wave E3 by ::ﬂﬁ}
g

s .3 .3 1wyt + & 7) 1wyt + KyeF) .

= = "- N

1 + 3 Q(Ele + E3e + c.c.) . (19) P

The laser-influenced reflectivity (R), which in general is time-dependent %:ﬁ
<33

and is a complex variable with amplitude and phase modulation, may be

expressed (up to the first-order expansion of the laser intensity) as

R =Ry+BR (20)

»
«
,
C'e

RIRY SRR
NP R y
LYY SRR

’0,
h]

vwhere Ro is the reflectivity from a conventional surface and is proportional

. o o
IO

L Y l"‘
VA
Y “:'I -

to the total intensity, |E1|2 + |E3|2. B is the expansion coefficient of

the interference pattern (or reflectivity modulation) formed by the incident

5
.
a
»
2

Ih
:"' ’J

v

oy LYy

P
b T

waves, and R, is given by

-

PN

1

o488

2
oA
» ‘{ﬂ.&

> >
R1 = EE *eiAk'r +c

1E3 .C. (21)
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where we have assumed the degenerate case, wl = m3, and have used the

rotating-wave approximation (RWA). Ak is the phase mismatching vector

defined by Ak = ﬁl - §3. For the one-dimensional and degenerate (k1 = k3 =

k) case |ak-T| = 2kzsin(8/2), such that the interference pattern is governed

by the angle (8) between the incident waves. We shall show in the next

P

section that the lifetime of the interference pattern is proportional to the R
el

inverse of |AE-;|2, i.e., a small angle (in the order of few mrad) is :iiﬁ?i
et

required for a long-lived interference pattern to be observed. B

The overall reflected waves defined by the laser-modulated reflectivity
may now be calculated by using RWA to eliminate the irrelevant terms,
whereby we obtain from Eqs. (19) and (20)

Eref = R(ﬁl + E3)

*> > >
-ik_-r -ik_-r
- -iwt n * m 2 s 2 L.
Ry(E, + E) + ge E e [(BX e ) E (-T) + |E |° EX] .

m*n=1,3

¥

»
Sie
.

(22)

L'l
o
ALY SN
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’

b

Thus the total reflection field, Eref' consists of three parts: (i) the

3
L)
oL

usual reflected fields from the the unperturbed surface, the Ro terms; (ii)
the reflected fields from the laser-perturbed surface in the usual way,
i.e., from the incident T to the reflected -r direction; and (iii) the
reflected fields in the phase-conjugated forms, the E: (;) terms. The
reflectivity of the phase-conjugated surface (PCS) defined by the intensity

ratio between the signal wave and its conjugation becomes
2 4 2
Rpes = BTIE 1™ = (BT . (23)

This is proportional to the square of the nonlinear coefficient of the

surface layer and the intensity square of the reference wave (El)’ which is

=
.

-
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RELEARE



......... S RIS S N S TS AR TN W1 Al Gl g A At S A NS A A A

usually much stronger than the signal wave (E3). We note that the above
obtained results involved several assumptions: (i) the pump depletion of
the reference wave is ignored; (ii) steady-state reflectivity (or
interference pattern) is assumed; (iii) instant energy transfer (or local
heating) of the surface layer is assumed; and (iv) heat diffusion of the
surface layer and attenuation of the fields are ignored. For a rigorous
treatment, these assumptions will be removed in the following sections.

B. Hydrodynamic Theory for LIPS

The generation of density and temperatures fluctuations following the
absorption of light is known as a stimulated thermal process, where the
light-induced modulation of the refraction index of the absorbing layer can

act as a phase grating in the diffration of incident 1ight.37 The full

dynamics of a thermal grating may be described by a hydrodynamic theory

PR b RPN |
:
4 4."

RS
which includes the thermal processes of the absorbing media and the optical ey
nonlinear effects (or polarization) caused by laser fields. The complete E%i;

LSS

Ea o
set of hydrodynamic equations which couple the thermodynamic variable ;j;::

-..";""-.
(density, internal energy and temperature) of the medium and the electric ~as

A

fields of the incident beams are given by38

R

.':'.J':J

3U  nca 22 OSLY
5 " ir 2+ v - ue , (24) oY
o

8T _ rolp _ 902 . e
Cy 3¢ - KVT - Fye=U/t , (25) 3
.‘:.’_\a

% 2 3,2 2. Ye 2,.2 S
- - - = <& \~\-
—Ea 5 - BV mee(Vp) - FV°T e ¥ (%) , (26) v
t Y
2 .2 2
n a_g_ - o . AL gL (27) S
c” a3t c” at R
e

."'9"1
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Here U is the internal energy of the medium with absorption coefficient a,
diffusion constant D and thermalization time t; T and p describe the
temperature and density fluctuation (normalized by their equilibrium
values); K is the thermal conductivity and Cy is the specific heat at
constant volume; F is an appropriate coupling constant and n is the
effective viscosity; BT is the bulk modulus (or thermal expansion
coefficient); and Ye is the electrostrictive constant. Equation (26) is
just the usual Maxwell equation with a nonlinear polarization relating to

the dielectric constant (€), density, temperature and field amplitudes by

= 13S0+ BB, TIEm) = (v + vy D(F/am) (28)

Employing the slowly-varying envelop approximation (SVEA) and RWA which
eliminates the irrelevant (or nonresonant) terms, we obtain a set of
simplified equations for the amplitudes of the density, temperature and

electric fields as

3_ 2,1y - D% w4 px
(3¢ + Da” + 200, = 4o (EEY + E3E) (29)
ap

3 .y -1)F °?1 F

(& + L1, - = = U, o, (30)
at " gl B, at tC3B; I
a2 ) LY Fug” Ye‘*z, . s oom

[;—2 + I‘o 3t + —Y—]p1 + BTY Tl = “8n \EIE3 + EZEI;) s (31)
t

3 _n3d - - 1K * *

3z ~ ¢ 3tiEs lmZEl(Yepl + v (32)
3 n3d ik

(32 ~ c ottty ™ il E,(vgPy + ¥qTy) (33)

where
+> > > 2
q=k -ky , = cP/xq , Y = cP/cv , (34)
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‘: are the k-vector and decay time of thermal grating and the specific heat

”

& ration, respectively; wg and Fo are the frequency and linewidth of the

~ acoustic phonon wave given by wy = wave velocity x q, ro = nqz. In deriving }Q:tq

Y v',\.’\

g: the above equations, we have further assumed the degenerate case, w = wg o= }gﬁ:’

~ _. e

A w, kl = k3 = k = nw/c and ignored the small absorption in the thin layer, éﬁk;i

- exp(a) = 1. The amplitudes of the incident (fl), reflected (Ez), probing :itfq

: (f3) and the phase-conjugated (fa) fields, internal energy, density and the C},,ﬁ

X TS

M temperature are defined by DA
e

RO

3 . 1wt - iZj?) SOSR

- v, = dye +c.c.) , (35)

~ J j RN

S Sl

=] MLY%y

< where wj = Ej, Pys Tl' U1 with j = 1,2,3,4. Similar to that of E3 and Ea, ﬁ:"i;

*- et

b equations for E1 and E2 are not shown here. They are needed only when the ey

.5 pump depletion i.e., the variation of El with z, is considered.

T We note that within the SVEA, the thermal grating is formed in such a

2,

f way that only the relevant component of the reflected wave meeting the

v,

*: energy and momentum conservation is strongly coupled, where the phase

- matching condition is met between the the probe (E3) and the conjugated (Ea)

M waves through this intrinsic feature of the thermal-grating-induced acoustic

y wave. This feature may be clearly realized by the steady-state solutions

: for the coupled equations (29)-(33) which reduce to

<

o dli.'3 2

¢ — - %

» az = “BylE "B - B, EEY (36)

y dE, 2

- — %

- az = PalBl"E, + BE EEY (37

S where Bj are the appropriate coupling constants, proportional to the decay

’ time of the thermal grating defined in Eq. (34). These steady-state e

v Pt

] equations are similar to those of the degenerate four-wave mixing FWM), R

" e
. -
S X

: RN
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where El and E2 are the pump beams and E

the conjugate beams. The first terms on the right-hand sides of the above

3 and EA are the signal (probe) and

equations describe the nonlinear refractive index changes caused by the
optical Kerr effects, while the second terms account for the phase-
conjugated FWM. A complete description of the dynamics of LIPS requires the
numerical solutions of the above described coupled equations. For tractable

results, we shall discuss some of the special cases under appropriate

assumptions.

C. Special Cases

For the linearized case (or the liquid limit)39, the absorbed energy of
the surface layer is instantly and locally thermalized, i.e., the diffusion
term is neglected and the internal energy reaches its steady-state obtained

by taking the limit of D+ 0 and T » 0 in Eq. (29),

U = mac

% *
s yp (E1E3 + E2E4) . (38)

In this case Eq. (30) becomes a usual heat diffusion equation

2

a_ . po AP s o=
(a: + Ty 1)——2)T1 Fipy =S , (39)
9z
S = (—E—)u e % (40)
thBT s ’

where we have generalized the heat diffusion equation into the three-

dimensional system where the heat diffusion in the radial direction causes
the decay of the thermal grating given by rT = qu. and heat absorption of
the surface layer in the normal (z) direction causes the LIPS via the non-
uniform thermal expansion of the surface layer. Fl is a coupling constant

and &1 denotes for the time derivative of the density. We shall now

calculate the amplitude (height) of LIPS based on a simplified version of
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X
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» A,
:é Eq. (39) called the "surface heating" system. This reduces the "volume c\',
N
L, e
!’. heating" system of Eqs. (39) and (40) intou '
. AR
\'. — = . ':'.J'
2 Ge* Ty =D 3 Ty +Fiey (41) ooy
s ) 0z '\J‘ o
~ "'J'"
N with the initial condition Tl(t = 0) = 0 and boundary condition Rt
) RYeY
D3 Al
g¢ 3T Ru2e
~§' e | = -(1 - RE, , (42) RO
e 3z 'z =0 A
Y e
! where R is the usual reflectivity of the incident E1 2 and the reflected :_:"
- ’ R
_. ", = % % .‘ _-.".
N 83, 4 wave, and Eo is defined by Eo = E1E3 + EZEA evaluated on the surface \.__:.'_:
- Nt
? plan, z = 0. Under the condition of isotropic thermal expansion, the »ist
= amplitude of LIPS is given by oy
e 2
v BT .;.-:
) Q(t) = 5= | dz T (z,t) . (43) s
0 -7
Thus the variation of Q(t) is governed by L::‘".:j'
e
a ] 2
(3¢ + Tpelt) = B(1 R)E,/3 (44) :
where we have neglected the density coupling term, and in deriving Eq. (44), ;:::;:::‘:
A
we have used Eqs. (41) and (42) and also assumed (3'1‘1/32) at z = » is zero. R

The amplitude (height) of LIPS may then be calculated from Eq. (44) whose

exact solution, for Q(T = 0) = 0, is given by

.
(l-R)B.l. t rp(t'-t) Oty
Q(t) = -5 I dt' e Eo(t') . (45) &
0 ::\::\
RN
We note that the time-dependent profile of the LIPS depends upon the thermal -‘:.':
-‘\.‘.i
grating decay rate, Tps and the evolution of the fields Eo(t) = El(t)Eg(t) + D4
LA

S R

E;(t)El.(t) evaluated at the interface plan z = 0. For the cw or square

’
v
.

pulse case, it is easy to find
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(1-R)B

.. Tt

Q(t) = -—3;;j- (1 -e )E0 , (46a)
4

rp = pg? = p(I2 zsinz(%) , (46b)

where the steady-state amplitude, for Tt >> 1, is proportional to EOIFT.

T
We note that formation of LIPS with significant amplitude requires two
conditions: high enough applied field (Eo) and long enough thermal grating
lifetime, i.e., small damping factor FT. Because PT is proportional to qu,
we require a small diffusion coefficient (D) and a small angle, i.e., q =
2ksin(%) is small. The latter condition may be achieved by lasers with
short wavelength and/or by small propagation angle between the pump (ﬁl) and
the probe (EB) field.

To include the density fluctuation effects in LIPS, the following

coupled equations may be obtained

. _ 5
P+ rpp + Q5P + on = Blzo , (47)
Q+rQ+ F\P = BBy (48)

wherewhere P is the density fluctuation (or laser-pressure) induced
amplitude of LIPS, rp and Qo are the associated damping factor and
frequency, and F1,2 and 31’2 are the appropriate coupling constants. The
steady-state solution of Eqs. (47) and (48) is straightforward and will not
be shown here. We, however, note that the overall amplitude of LIPS in
general is a complex variable and time-dependent.

D. Reflectivity of PCS

The reflectivity of PCS defined by Ry.o = |EA|2/|E3|2 evaluated on the
z = 0 plane, in general, is time-dependent. Again, numerical methods are

required for the transient values. For the case of a strong pump, with E

1,2
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>> 83 4 the steady-state equations (35) and (36) for the case of By 3 144

82 4 and 82 = Ba = B yield

res ~ @1 - tan?(|BE, (0)E,(O)L]) , (49)

where B is proportional to the decay time of the thermal grating defined in
Eq. (34) and L is the effective thickness of the absorbing layer for the
phase-conjugated back scattering to occur. We note that in the low-
reflectivity limit and EI(O) = EZ(O) = IL, Eq. (49) reduces to Eq. (23) when
L = 1. Furthermore, the PCS reflectivity can actually be much higher than
one, i.e., the phase-conjugated wave (EA) is coupled to the strong pump
fields (E1 and Ez) and its intensity is "amplified” to a level much higher
than that of the probe field (E3). The infinite peaks are predicted from
Eq. (49) when the conditions of tan x = (n + })n are met.11 We should,
however, note that this behavior occurs only at the weak signal limit and
does not occur when the pump depletion is included (strong signal case).

S. Applications and Summary

In this paper we have reviewed the resonance fluorescence of two-level
atoms on both smooth and rough surfaces. For a system of smooth surface, we
have shown the oscillatory behavior for both the resonance fluorescence and
the adatom lifetime as a function of the adatom-surface distance (referred
to Fig. 1). For an adatom on a rough surface, we found that the sharp
resonance enhancement caused by the plasmons excitation occurs for a
specific shape of the prolate hemispheroid (see Fig. 2). Results obtained
from this system can provide us useful characterization in the area of
surface chemistry, such as the orientation and structure of the adspecies,
the strength of the adatom-surface coupling and the role of surface

roughness on the lifetime and fluorescence of the adspecies.
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For phase-conjugated systems, we have proposed a new phenomenon in {sf\}
AL YAN
RS
Section 3, of dipole radiation on a PCS where the dipole lifetime can ;ﬂ}ﬁ,
(1.
actually be infinite. In a pumping process, the reflected field may be e
e
A,
"amplified" by a set of counter-propagating strong fields. In Section 4, we '::$t¢
AN
have discussed LIPS caused by the interference between two incident waves. ?553'
The phase-conjugated field, originated from the optical nonlinear effects of ig:‘:
e
the absorbing layer, may be achieved with a reflectivity much larger than T
one. Applications of LIPS include, for example, (i) formation of Séf:

microstructures for microelectronic fabrication, where the spacing between
the periodic gratings is only limited by the laser wavelength and the
incident angles of the beams [Eq. (46b)]; (ii) for the application of real
time holography, greater resolving power is necessary, i.e., greater PCS
reflectivity operated at a larger angle (8). This may be achieved by higher
incident beam intensities and/or shorter wavelengths. The materials
suitable for the above described applications will be an absorbing dye with
very high absorptibility and very low thermal conductivity but high bulk
expansion coefficient, referred to Eq. (45). An experimental study of LIPS
using a He-Ne laser and an absorbing layer of epoxy resin mixing with a

brilliant, green dye has been repc.»rted.l‘0
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Figure Captions

1.

Atom-surface distance dependence of the heights of the three peaks in
the resonance fluorescence spectrum for the case of a silver surface,
where H_, HO and H_ correspond to the peak heights (in arbitrary units)
of the three-photon, incoherent Rayleigh and fluorescence components,
respectively., D = 2kd is the reduced distance, where k is the
wavenumber and d is the atom-surface distance. The Drude model is used
for the dielectric function of the metal, while the dielectric function
of the gas medium is set equal to one. The detuning wyy T is 1 A and
the Rabi frequency is 10 A, in the unit of Einstein's A-coefficient for
spontaneous decay. The solid curves are for the induced transition
dipole of the atom oriented perpendicular to the surface, and the dashed
curves are for the parallel case.

Rough surface-induced phase-decay constant Y, as a function of the semi-
minor axis b of the surface protrusion, where the semi-major axis is
fixed at 100 RA. Y, is in the unit of Einstein's A-coefficient.

Geometry of an electric dipole in a phase-conjugated (time-reversal)
cavity. The dipole with moment ; = uga is located at the center of the
cavity, where ;3 is the unit vector along the x3-axis. The emitted
radiation field at the point (r,8) is denoted by (Er’Ee) inside the
cavity.

Normalized decay rate constant b of the dipole versus nzlnl, with fixed
reflectivity |n|: (a) |n| = 1Z; (b) |n] = 2% (¢) |n] = 3Z. The results
show that the lifetime of the dipole is sensitive to |n} and nz/n1 of
the PCM cavity. There is a critical value of nz/n1 that leads to b = 0,

i.e., the lifetime approaches i1 finity. In these curves, the values of

A =0.3 um and r, = 100 A are used.
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